Parasite community dynamics in an invasive vole - From focal introduction to wave front by Perkins, Sarah E. et al.
This is an Open Access document downloaded from ORCA, Cardiff University's institutional
repository: http://orca.cf.ac.uk/103876/
This is the author’s version of a work that was submitted to / accepted for publication.
Citation for final published version:
Perkins, Sarah E., White, Tom A., Pascoe, Emily L. and Gillingham, Emma L. 2017. Parasite
community dynamics in an invasive vole - From focal introduction to wave front. International
Journal for Parasitology: Parasites and Wildlife 6 (3) , pp. 412-419. 10.1016/j.ijppaw.2017.07.005 file
Publishers page: http://dx.doi.org/10.1016/j.ijppaw.2017.07.005
<http://dx.doi.org/10.1016/j.ijppaw.2017.07.005>
Please note: 
Changes made as a result of publishing processes such as copy-editing, formatting and page
numbers may not be reflected in this version. For the definitive version of this publication, please
refer to the published source. You are advised to consult the publisher’s version if you wish to cite
this paper.
This version is being made available in accordance with publisher policies. See 
http://orca.cf.ac.uk/policies.html for usage policies. Copyright and moral rights for publications
made available in ORCA are retained by the copyright holders.
Parasite community dynamics in an invasive vole e From focal
introduction to wave front
Sarah E. Perkins a, *, Tom A. White b, Emily L. Pascoe a, Emma L. Gillingham a
a School of Biosciences, Sir Martin Evans Building, Cardiff University, Museum Avenue, Cardiff, CF10 3AX, UK
b Lancaster Environment Centre, Lancaster University, Lancaster, LA1 4YQ, UK
a r t i c l e i n f o
Article history:
Received 30 March 2017
Received in revised form
17 July 2017
Accepted 20 July 2017
Keywords:
Enemy release hypothesis
Parasite interactions
Coinfection
Invasion gradient
Lag effect
Bank vole (Myodes glareolus)
a b s t r a c t
Multiple parasite species simultaneously infecting a host can interact with one another, which has the
potential to inﬂuence host-parasite interactions. Invasive species typically lose members of their parasite
community during the invasion process. Not only do the founding population escape their parasites, but
the rapid range expansion of invaders once in the invaded range can lead to additional stochastic loss of
parasites. As such, parasite community dynamics may change along an invasion gradient, with conse-
quences for host invasion success. Here, we use the bank vole, Myodes glareolus, introduced as a small
founding population at a point source in the Republic of Ireland in c.1920's and its ecto- and endopar-
asites to ask: i) how does the parasite community vary across an invasion gradient, and ii) are parasite
community associations driven by host traits and/or distance from the point of host introduction? We
sampled the parasite community of M. glareolus at the proposed focal site of introduction, at mid-wave
and the invasion front, and used a parasite interactivity index and statistical models to determine the
potential for the parasite community to interact. Bank voles harboured up to six different parasite taxa,
with a signiﬁcantly higher parasite interactivity index at the foci of introduction (z ¼ 2.33, p ¼ 0.02) than
elsewhere, suggesting the most established parasite community has greater opportunities to interact. All
but one of four synergistic parasite community associations were driven by host traits; sex and body
mass. The remaining parasite-parasite associations occurred at the mid-point of the invasion wave,
suggesting that speciﬁc parasite-parasite interactions are not mediated by distance from a focal point of
host introduction. We propose that host traits rather than location along an invasion gradient are more
likely to determine parasite-parasite interactions in the invasive bank vole.
© 2017 The Authors. Published by Elsevier Ltd on behalf of Australian Society for Parasitology. This is an
open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction
The release of a species from the constraints of their native bi-
otic community can give rise to changes in traits, resulting in
explosive demographics within the invasive range (Colautti et al.,
2004). Invasive species can be more fecund, larger in size and
reach greater population sizes than their native counterparts
(Blaustein et al., 1983; Keane and Crawley, 2002; Parker et al., 2013).
A widely supported mechanism underlying these changed traits,
and thus the success of invasive species is the enemy release hy-
pothesis, whereby loss, or reduction of natural enemies; both
predators and parasites, is translated into increased host ﬁtness
(Keane and Crawley, 2002). The regulatory effects of enemies are
not equal, however. The heterogeneity of enemy release is most
clearly demonstrated by parasites, as opposed to predators, where
the effects upon hosts range from acute infections to almost benign
(Leggett et al., 2017). Parasites can have strong regulatory effects on
their host population size (Hudson et al., 1998), have positive ef-
fects on life history traits (Telfer et al., 2002), and can even be
essential for maintaining biodiversity at an ecosystem level
(Hudson et al., 2006).
During the invasion process there may be stochastic loss of
parasite species that results in the invasive population harbouring
only a subset of the parasite community of the comparable native
population (Blaustein et al., 1983; Mitchell and Power, 2003;
Torchin et al., 2003; Colautti et al., 2004; Phillips et al., 2010).
Empirical meta-analyses have quantiﬁed that across multiple host
species, the parasite diversity in the native range consists, on
average, of 16 species, whilst invasive conspeciﬁcs harbour only
three species of this original community (Torchin et al., 2003). As
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the founding population expands across an invasion gradient, the
parasite community is subject to further potential parasite losses as
a function of host dispersal. At the invasion front, the host popu-
lation density as well as contact rates between individuals are often
low, reducing the probability of parasite transmission (Morand and
Poulin, 1998; Phillips et al., 2010). Additionally, stochastic fade-out
of parasite species can occur due to low parasite abundance in the
advancing invader, leading to some parasite species becoming
locally extinct, and a ‘lag effect’, where some parasite species are
absent from hosts at the invasion front (Bell and Burt, 1991; Phillips
et al., 2010; Coates et al., 2017), giving them a competitive
advantage.
Importantly, the parasite community within a host interacts;
with antagonistic and/or synergistic interactions occurring be-
tween parasite species (Lello et al., 2004; Graham, 2008; Telfer
et al., 2010). If, for example, synergistic interactions exist in the
parasite community, such that the presence of one parasite species
increases the abundance of another (e.g., Behnke et al., 2009; Lass
et al., 2013), then, it follows that loss of one of these species in a
community could lead to a reduced abundance of the other.
Alternatively, if parasite-parasite interactions are antagonistic, i.e.,
one parasite suppresses another (e.g., Ferrari et al., 2009), loss of
one of these may result in an increase of the other; a competitive
release. Ultimately, the underlying mechanisms driving parasite
interactions can include direct competition for resources, such as
space, or indirect interactions, mediated for example by host im-
munity, the latter of which is linked to host traits, such as sex and
body mass (Lello et al., 2013). The presence (or absence) of a given
parasite species and/or the predominance of a given host trait in
the host population may therefore promote a given parasite com-
munity. Whilst much work in invasion ecology has focused on the
effect of parasite loss on the evolution of increased competitive
ability of the host (see Strayer et al., 2006), because parasites
interact with one another and the host, it is pertinent to ask how
parasite loss may alter the parasite community of invasive species,
and ultimately, invasion success. The ﬁrst step in doing so is to
determine if a parasite community interacts.
Determining whether parasites interact has been the focus of
much research since Holmes's seminal papers in the 1960's
(Holmes, 1961, 1962). The methods used to determine whether
particular species interact include statistical methods (e.g., Lello
et al., 2004; Telfer et al., 2010) and empirical perturbation (e.g.,
Ferrari et al., 2009). Interactions between parasites may be erro-
neously detected from observational data (Fenton et al., 2010), and
can be inherently difﬁcult to detect unless empirical perturbation is
used, or in the absence of perturbation, a generalised linear mixed
model (GLMM) approach on longitudinal data (Fenton et al., 2014).
In natural systems, however, empirical perturbation is not always
possible, and longitudinal data may be logistically difﬁcult to
collect. Insight into community structure may be gained by quan-
tifying the degree of interaction. Broadly speaking, communities
can be categorised into two extreme groups; interactive vs. isola-
tionist (Holmes and Price, 1986). Parasite communities are gener-
ally believed to lie somewhere along the interactive-to-isolationist
continuum, i.e., diverse assemblages of species with high infection
rates in which interspeciﬁc interactions are likely, to low diversity
communities where interactions are unlikely. Qualitative indices of
interactive versus isolationist communities have been proposed
(e.g. Poulin and Luque, 2003), which are calculated across hosts at a
population level. Ferrari et al. (2016) have recently developed an
index at an individual level, giving an indication of the degree of
interactionwithin a community and allowing comparisons to occur
across multiple individuals. If parasite interactions have an evolu-
tionary history and interspeciﬁc interactions play an important
structuring role they tend to be interactive, or if interactions are
unlikely, then the community is isolationist (Poulin and Luque,
2003). Across an invasion gradient, we expect parasite in-
teractions to be greater in more established populations and
weaker at the invasion front where loss of parasites, due to lag
effects, may have altered community structure.
Here we ask, ‘does the parasite community, and the associations
between parasites differ in an invasive species along an invasion
gradient?’ and second, ‘do host traits and/or invasion location drive
parasite associations?’ Using a quantitative index (see Ferrari et al.,
2016) and a GLMM approach we quantiﬁed the parasite abundance,
diversity and investigated the parasite community associations of
the bank vole (Myodes glareolus), in its invaded range in the Re-
public of Ireland. The bank vole has a wide distribution across
Europe, and has been absent from Ireland due to its isolation from
Britain, which occurred during the rising sea levels at the end of the
most recent glaciations (Williamson, 1996). The bank vole was,
purportedly ﬁrst introduced into Ireland in the 1920's on the south
side of the river Shannon (Stuart et al., 2007); however the ﬁrst
ofﬁcial recording of a bank vole was in Listowel, County Kerry in
1964 (Claassens and O'Gorman, 1965). From this focal point of
introduction the bank vole has spread across the Republic of Ireland
at an estimated rate of 2e4 km per year (Montgomery et al., 2012;
White et al., 2012). The invasive vole in the Republic of Ireland
represents an excellent model system for studying enemy release
with respect to parasites, because many of the predators from the
native range of mainland Europe are also found in the invaded
range.
2. Material and methods
2.1. Sampling along an invasion gradient
Live-trapping of bank voles (Myodes glareolus) was carried out in
suitable habitat, typically road-side verges, at three transects across
an invasion gradient in the Republic of Ireland between August and
December 2010. Each transect originated from the focal point of
introduction of M. glareolus, and radiated out from there to the
invasion wave front with three samples taken for each transect, so
representing a historical sample, or ‘wave’ of the invasion process
(Fig. 1, results). Two sites were sampled at the purported focal
introduction location in County Kerry; Adare (52 330 51.678000 N, 8
470 23.838000 W) and Curraghchase (52 370 1.257600 N, 8 520
39.194000 W), three sites were sampled at a mid-point location
along the invasion wave; Gort (53 40 6.060000 N, 8 490 10.782800
W), Nenagh (52 510 57.880800 N, 8 110 47.776900 W) and Cashel (52
310 1.815600 N, 7 530 41.050700 W), and a further three sites at the
invasion front; Tuam (53 300 55.119600 N, 8 510 14.993300 W), Birr
(53 50 48.530400 N, 7 540 39.183800 W) and New Ross (52 230
45.733200 N, 6 560 43.594400 W).
At each site, up to 50 Ugglan multiple-capture traps (Grahnab,
Sweden) were set in three transects and were baited with wild bird
seed and apple as a source of moisture, and contained straw for
bedding. Traps were checked every 4 h and sampling continued
until the ﬁrst 20 bank voles of any sex had been caught at each site,
except at one of the sites at the focal point of introduction, Cur-
raghchase, where 40 animals were sampled, to ensure that each
section of the invasion gradient had 60 animals sampled. Upon
capture, animals were weighed and sexed, and were euthanised
with a lethal dose of anaesthetic (Isoﬂuorane, VetEquip Inc., UK)
followed by cervical dislocation. All work was approved by the
Ethical Committee at Cardiff University. Animals were transported
to the laboratory for parasite identiﬁcation.
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2.2. Quantifying the parasite community
The gastrointestinal tract of each animal was dissected, and the
parasitic helminths therein were identiﬁed to genus level (Capil-
laria and Aspiculuris spp.), and quantiﬁed. Broad, taxa level identi-
ﬁcation was used to provide sufﬁcient power for model use due to
low parasite abundance, and because the mechanisms by which
functional groups of parasite taxa interact with one another are
broadly expected to be the same across the taxa (Lello and Hussell,
2008). To quantify the ectoparasite community, parasites were
removed by placing each animal on a sieve with an aperture of
63 mm under running water for 5 min. The sieve contents were
examined under a stereo-microscope. We classiﬁed ectoparasites
into four broad taxa at the order level; ﬂeas, mites, ticks and lice.
To quantify the potential degree of interaction within an in-
dividuals' parasite community we calculated an ‘interactivity in-
dex’, developed by Ferrari et al. (2016). By extending the concept of
‘crowding’ previously proposed by Lloyd (1967), which measures
the number of other individuals experienced by a single individual,
Ferrari and colleagues translated intraspeciﬁc crowding to inter-
speciﬁc interactions occurring within a community. This
individual-level index condenses the crowding that the parasite
community experiences into a single number; an index of inter-
activity/isolationism, which they term an infracommunity crowd-
ing index, but hereafter we refer to as an interactivity index (I)
(Equation (1)):
I ¼ 2*
P
j ¼ 1S1(xj*
P
i ¼ jþ1Sxi)N (1)
where xj represents the abundance of the j-th parasite species, S the
total number of parasite species (species richness) within the
infracommunity and N the total parasite abundance.
We use this index because it represents an absolute measure
that the community experiences into a single number, an index of
interactivity/isolationism, thereby allowing for direct and mean-
ingful comparison between samples (individuals) and sites.
2.3. Statistical analysis
We ﬁrst examined if parasite abundance (including zeros, as
deﬁned by Bush et al., 1997) differed in sampled sites across the
invasion wave. Parasite abundance was used as a response variable
with position in invasion wave, host sex, host body mass, and their
two-way interactions as explanatory terms. Sample sitewas used as
a random term in a generalised linear mixed model (GLMM).
To determine if the diversity of parasites changed along the
invasion wave, we calculated both the Simpson and Shannon-
Weiner diversity, following (Krebs, 1999). The two diversity
indices were calculated because Simpson's diversity index is able to
detect differences in abundant species (calculated as 1/(
P
pi2,pi)),
where pi is the proportion of species i in the infrapopulation; whilst
the Shannon-Wiener diversity index detects differences in more
rare species (calculated as -
P
pilog pi). Each diversity index was
treated as the dependent variable in turn in a GLM, with the loca-
tion along the invasion gradient included as the explanatory vari-
able. The Simpsons' diversity index was transformed by square
root, whilst Shannon-Wiener diversity index did not need to be
transformed. Both models were ﬁtted with Gaussian distributions
and identity link functions.
Similarly, to determine if the degree of potential interaction in
the parasite community was associated with invasion gradient
location and/or host traits, we used an interactivity index (I) per
host (after Ferrari et al., 2016) as a response variable, with invasion
location, host sex, host body mass, and their two-way interactions
as explanatory terms, and sample site as a random term in a GLMM,
(Gaussian model with identity link). For each GLMM, backwards
stepwise deletions of non-signiﬁcant terms (i.e., at the p ¼ 0.05
level) were used to produce the most parsimonious model. Statis-
tical analyses were performed using the package glmmADMB,
version 8.3.3 (Fournier et al., 2012; Skaug et al., 2016).
To determine if parasite community changes with location
across an invasion gradient, the intensity of each taxa (excluding
zeros) was treated as the dependent variable in turn and was log
transformed (log (xþ1)). Explanatory variables included in the
model were: invasion wave location (focal, mid or front), host sex,
host bodymass, presence/absence data of each coinfecting taxa and
ﬁnally, sampling site as a random term. Second order interactions
were also included in the model. Fixed model terms were initially
assessed by the conditional F-statistic and associated p-values;
insigniﬁcant terms (i.e., at the p ¼ 0.05 level) were removed in a
step-wise manner to produce a minimal model. To assess the
change in the dependent variables as predicted from themodel, the
predicted percentage change was calculated. This change is calcu-
lated as the percentage difference between the back-transformed
dependent variable when the coinfecting taxa was absent,
compared with when the coinfecting taxa was present (see Fenton
et al., 2010). All GLMMs were performed in R version 3.1.2 (R Core
Team, 2013), and ﬁtted with Gaussian distributions and identity
link functions.
3. Results
3.1. Does parasite abundance, and interactivity differ across an
invasion gradient?
Only 1.6% of all sampled hosts were parasite free, instead the
majority were infected by at least one of six identiﬁed parasite taxa
(98.4%), with 82.4% coinfectedwithmore than one taxa (Fig.1). Two
genera of endoparasitic helminths were identiﬁed: Aspiculuris spp.
and Capillaria spp, and ectoparasites were identiﬁed from four or-
ders; ﬂeas, mites, ticks and lice. Localised fade-out of parasites was
seen across the invasion gradient, the prevalence of Aspiculuris spp.,
for example, was high at the focal and mid-point sites, (>70% in all
locations) but at the invasion front Aspiculuris spp. was absent from
two of the three sampled locations (Fig. 1). Parasite abundance
followed a negative gradient from focal introduction to invasive
front (Fig. 2), but this relationship was not signiﬁcant, nor was it
signiﬁcantly associated with host sex, body mass or any two-way
interactions of these variables. Parasite abundance at the focal
site of introduction was highest, where the combined mean
abundance (±S.E.) of the two sites was 106.1 ± 11.4, while the
abundance at both themid-point and invasion front were similar to
each other and more than half that at the focal site of introduction
(mean ± S.E. ¼ 43.1 ± 8.8 and 43.4 ± 9.0, respectively). Parasite
diversity did not signiﬁcantly change across the invasion gradient,
as measured by the Simpson diversity index (d.f. ¼ 185, F ¼ 3.03,
p ¼ 0.08), or the Shannon-Wiener diversity index (d.f. ¼ 185,
F ¼ 2.43, p ¼ 0.12).
The potential for the parasite community to interact was highest
at the focal site of introduction; indicated by the highest inter-
activity index score (mean ± S.E. ¼ 1426.0 ± 336.8), which
decreased in value at the mid-point of the invasion (195.3 ± 62.7)
and the invasion front (255.2 ± 82.7). Interactivity indices were not
signiﬁcantly different to each other at any location (introduction
and mid-point: d.f. ¼ 188, z ¼ 1.90, p ¼ 0.06; introduction and
invasion front d.f. ¼188, z ¼ 0.95, p ¼ 0.34; invasion front and mid-
point, d.f. ¼ 188, z ¼ 0.07, p ¼ 0.94; Fig. 3). Across the invasion
gradient, males had a signiﬁcantly lower interactivity index score
than females (d.f.¼188, z¼2.68, p¼ 0.01), i.e., a more isolationist
parasite community in males compared to females. However, males
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at the focal site of introduction experienced a parasite community
that was signiﬁcantly more likely to be interactive (i.e., higher
interactive index score) than the females at this location (d.f. ¼188,
z ¼ 2.33, p ¼ 0.02).
3.2. Are parasites associated with host traits and/or location across
an invasion gradient?
Four parasite taxawere found to be associatedwith one another,
Fig. 1. Sampling sites of the invasive bank vole,Myodes glareolus, across the Republic of Ireland. Curraghchase and Adare are the focal point of introduction, Gort, Nenagh and Cashel
are mid-wave, and Tuam, Birr and New Ross represent the invasion front. For all trapping sites along the invasion gradient (black¼ focal point of introduction, grey ¼mid-wave, and
white ¼ invasion front), bar charts depict the prevalence of each parasite and boxplots indicate the mean parasite abundance (log x þ1), where boxes indicate the mean, and lines
the 95% conﬁdence intervals.
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Fig. 2. Parasite abundance of the invasive bank vole, Myodes glareolus, from eight locations at three points along an invasion gradient (black ¼ focal point of introduction,
grey ¼ mid-wave, and white ¼ invasion front) in the Republic of Ireland. Boxes represent upper and lower quartile, with median indicated, with bars representing maximum and
minimum range.
Fig. 3. Parasite interactivity index from eight sampling sites at three points along an invasion gradient (black ¼ focal point of introduction, grey ¼mid-wave, and white ¼ invasion
front) in the Republic of Ireland. Boxes represent upper and lower quartile, with median indicated, with bars representing maximum and minimum range.
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of which three associations were host-mediated and one due to
location (Fig. 4; Table 1, supplementary material). Not all parasite
taxa in the community were found to potentially interact; ticks
consistently were not associated with any other parasite taxa
(Fig. 4). Flea abundance was negatively associated with that of
Aspiculuris spp., and this association was driven by location along
the invasion gradient. At the mid-point of the invasion gradient,
individuals infected with ﬂeas were infected with signiﬁcantly
fewer Aspiculuris spp. (backtransformedmean ± S.E.¼13.07 ± 7.22)
than hosts infected with only Aspiculuris spp. (backtransformed
mean ± S.E. ¼ 61.03 ± 28.01). At the invasion front, individuals
infected with ﬂeas were also infected with fewer Aspiculuris spp.,
although this was not a signiﬁcant interaction. Interestingly, at the
focal site of introduction this association was reversed and where
ﬂeas were present Aspiculuris spp. intensity was higher, although
not signiﬁcantly so. The three host-mediated associations, driven
by sex and body mass, were all synergistic, such that the presence
of one taxa increased the likelihood of another. Males were infected
with signiﬁcantly more Capillaria spp. when Aspiculuris spp.
were present (backtransformed mean ± S.E. ¼ 14.44 ± 4.80),
compared to when they were absent (backtransformed
mean ± S.E. ¼ 4.50 ± 1.56). Individuals infected with mites and
Capillaria were of signiﬁcantly higher body mass than those
infected with mites only. Additionally, a positive relationship was
observed between body mass and ﬂea intensity when mites were
present (Fig. 4).
4. Discussion
In the invasive vole population in the Rep. of Ireland, the
greatest parasite abundance and highest index of parasite inter-
activity was at the focal point of introduction. Bank voles at the
mid-wave and wave front had comparatively lower abundance and
lower interactivity indices, suggesting comparatively more inter-
active parasite communities at the focal point of introduction, and
isolationist parasite communities across the rest of the invaded
range. The interactivity indexwas associatedwith host traits; males
at the focal point of introduction had a parasite community that
was more likely to be interactive than females, although this
pattern was reversed elsewhere across the range. More detailed
models examining speciﬁc parasite associations found that host
traits (sex and body mass) were associated with three synergistic
parasite community interactions, whilst an antagonistic interaction
between parasites occurred at the mid-wave of the invasion range.
4.1. How does the parasite community differ across an invasion
gradient?
Consistent with the enemy release hypothesis, the parasite
community of the invasive bank vole was depauperate in com-
parison with its native counterparts. Mitochondrial DNA analysis
has indicated that the bank voles present in Ireland are most closely
related to those in continental Europe, in particular native bank
voles within Germany (Stuart et al., 2007), for which one study
found ten ecto- and endoparasite species (Klimpel et al., 2007),
although only a small number of voles (n ¼ 29) were sampled.
There is no doubt that the bank voles in Ireland have lost parasite
diversity, and although we used broad taxa level identiﬁcation,
previous species-level identiﬁcation has found that bank voles in
Ireland are infected with only three helminth species (Loxton et al.,
2016), corroborating the parasite community observed in the pre-
sent study. Consistent with the ‘lag effect’ we observed decreased
parasite abundance with increasing distance from focal point or
introduction to the invasion front, and stochastic loss of parasite
taxa across the invasion gradient (Fig.1).Whilst the loss of parasites
may facilitate the invasion success of the bank vole, our key ques-
tionwas ‘how does loss of parasites within an infracommunity alter
associations between parasites across the invaded range?’ Few
studies have examined parasite community dynamics across in-
vasion gradients; Diagne et al. (2016) found species richness inwild
rodents (Mus domesticus) was higher in established sites compared
with the invasion front, although they did not speciﬁcally examine
how this loss of diversity may alter associations within the parasite
community. It has been suggested that it is important to examine
parasite community interactions in invasive species (Telfer and
Bown, 2012), but to the best of our knowledge, we are the ﬁrst
study to have done so.
We used an index of interactivity to give an indication of the
potential for a parasite community to interact, or not. The inter-
activity index was an order of magnitude higher at the focal site of
introduction than elsewhere in the range, suggesting that the
parasite community in the oldest, most established hosts has a
greater opportunity to be ‘interactive’ compared to parasite com-
munities that were comparatively more ‘isolationist’, as quantiﬁed
across the rest of the invasion gradient (Fig. 4). The focal site of
introduction represents a host-parasite population that has been
established for almost 100 years (Stuart et al., 2007). It is to be
expected that the parasite community here would have the greater
potential to interact as it has had most time to establish large
parasite populations and to acquire new parasites from the native
biota; the former being essential to establish interactions. One
parasite genus that has almost certainly been lost in the Rep. of
Ireland population is Heligmosomoides spp. (Loxton et al., 2016).
This genus is known to manipulate the immune system in order to
avoid being expelled by the host (Maizels et al., 2004) and the loss
of it may have had knock-on effects for the remaining parasite
community.
The parasite community of males at the focal site of introduction
supported a higher degree of parasite interactivity than females
sampled at this location. The corollary of this observation is that
males elsewhere across the invasion gradient harbour a community
that may be more isolationist. Interactive communities tend to be
species rich, and have many core species, whilst isolationist com-
munities tend to have just a few species. The latter communities
tend to be difﬁcult to predict and stochastically determined (Sousa,
1994). As such, only the parasite community at our focal site was
‘predictable’ with the community elsewhere being unstable, less
Fig. 4. Statistical associations between ectoparasites and endoparasites infecting bank
voles, Myodes glareolus. All associations are due to the presence of a coinfecting spe-
cies, positive relationships are shown in black and negative relationships are in grey.
The predicted absolute percentage change (see Methods for deﬁnition) of the
dependent variable is given for each interaction. Parentheses identify whether the
relationship is based on body mass (BM), host sex (S) or at the mid-point along the
invasion wave (WM). Lice had a prevalence of less than 10% so were excluded from
analyses.
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established and subject to stochastic loss. A more isolationist
community, as observed in males as they spread throughout the
invasion range, could translate into giving these individuals an
advantage to establish, although it is unclear how an isolationist
versus an interactive parasite community may translate into
different levels of host regulation. Accompanying a reduced para-
site diversity is a potential reduction in competition between
parasite species for resources, potentially allowing the remaining
parasite species' intensity to increase (Dobson, 1985; Silvestre et al.,
2000). However, we also know that as interactivity increases, we
expect other parasite traits to change, for example, to be smaller in
size and less fecund (Poulin, 2007), suggesting a subsequent
reduction in abundance.
4.2. Were parasites associated with host traits and/or location?
Of the four signiﬁcant associations between the parasite com-
munity observed, there was one predicted ‘cross-boundary’ (be-
tween an ectoparasite and an endoparasite) interaction; between
ﬂeas and helminths (Aspiculuris spp.) in individuals at the mid-
wave only, while the three other associations were driven by the
biology of the host. Cross-boundary associations between parasites
are unlikely to arise from competition for space, as the two parasite
types occupy different parts of the host's body, or to bemediated by
resource competition, although this is still possible (e.g., if both
species feed on blood). The different locations occupied by these
parasites (gastrointestinal system and skin) suggest that these in-
teractions may be mediated by a systemic response of the immune
system (Lello et al., 2004; Graham, 2008; Lass et al., 2013). This
hypothesis requires further investigation, however, as the design of
the current study allowed us only to infer associations and did not
provide the opportunity to identify causal mechanisms of com-
munity interactions. Indeed, determining mechanisms underlying
parasite community interactions is not straightforward, but broadly
speaking, interactions may be driven by host and/or by the para-
sites (Lello et al., 2004; Graham, 2008).
Although the interactivity index suggests that the population at
the focal site of introduction has a greater opportunity to interact,
our statistical models did not ﬁnd any parasite-parasite associa-
tions speciﬁc to that location to support this. One hypothesis for
this mis-match is that complex communities may establish com-
plex interactions with indirect effects and feedbacks that may only
be possible to detect using the ‘gold standard’ of detecting in-
teractions; perturbation (Fenton et al., 2014). In males only, a
synergistic association between two helminths was such that
where Aspiculuris spp. was absent or low in intensity, Capillaria spp.
intensity was signiﬁcantly reduced, suggesting males may obtain a
dual beneﬁt in reducing the abundance of both helminths if only
one is lost in the invasion process. Sex is a common driver of
parasite intensity (Zuk and McKean, 1996), supposedly due to the
immunosuppressant effect of testosterone (Zuk and McKean, 1996;
Schalk and Forbes, 1997) therefore synergistic parasite associations
may offer an advantage for invasive hosts, as resources can be
directed away from immunity and into other traits, such as
fecundity and host size, translating into a competitive advantage.
4.3. Changes in the parasite community, and implications for
invasion
Even forty years ago, it was noted that the bank vole was
inﬂicting a negative impact on native biota by stripping the bark of
saplings, with up to 40% of trees in one invaded area observed to be
damaged by bank vole activity (Rooney and Hayden, 2002). The
bank vole is not the only non-native small mammal in Rep. of
Ireland. Montgomery et al. (2012) report evidence of ‘invasional
meltdown’; where one non-native species facilitates introduction
of another, and compounds their impact on native biota.
Montgomery et al. (2012) showed that the bank vole is slowly
replacing the presence of the native wood mouse, Apodemus syl-
vaticus, and together with another invasive species, the greater
white-toothed shrew, Crocidura russula, are completely replacing
the native pygmy shrew, Sorex minutus. Certainly, escape from
regulation by parasites could be a factor that gives bank voles a
competitive edge over native biota. Indeed, the authors noted that
replacement of the wood mouse by the invasive bank vole reduced
with distance from the focal point of introduction. In conclusion,
invasive species can inﬂict considerable economic damage, and
harm native biota. As such, understanding mechanisms that may
facilitate invasion success are crucial to limiting such effects. Here,
we ﬁnd empirical evidence that parasite community associations in
an invasive vole differ according to host traits. Future work should
focus on how those associations may translate into enemy release,
and so facilitate invasion success.
Acknowledgments
Thanks to Jerzy Behnke and Maciej Grzybek for assistance with
helminth identiﬁcation, and to Nicola Ferrari and two anonymous
reviewers for comments on this paper. Thanks also to members of
‘vole patrol’ who assisted in data collection; Nia Thomas, Mikey
Field-May, Sophie Watson, Sam Jackson, Libby Nixon and Sarah
Paul.
Appendix A. Supplementary data
Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.ijppaw.2017.07.005.
References
Behnke, J.M., Eira, C., Rogan, M., Gilbert, F.S., Torres, J., Miquel, J., Lewis, J.W., 2009.
Helminth species richness in wild wood mice, Apodemus sylvaticus, is enhanced
by the presence of the intestinal nematode Heligmosomoides polygyrus. Para-
sitology 136, 793e804. http://dx.doi.org/10.1017/S0031182009006039.
Bell, G., Burt, A., 1991. The comparative biology of parasite species diversity: internal
helminths of freshwater ﬁsh. J. Anim. Ecol. 60, 1047e1064. http://dx.doi.org/
10.2307/5430.
Blaustein, A.R., Kuris, A.M., Alio, J.J., 1983. Pest and parasite species-richness prob-
lems. Am. Nat. 122, 556e566. http://dx.doi.org/10.1086/284156.
Bush, A.O., Lafferty, K.D., Lotz, J.M., Shostak, A.W., 1997. Parasitology meets ecology
on its own terms: Margolis et al. revisited. J. Parasitol. 83, 575e583. http://
dx.doi.org/10.2307/3284227.
Claassens, A.J.M., O'Gorman, F., 1965. The Bank vole, Clethrionomys glareolus
Schreber: a mammal new to Ireland. Nature 205, 923e924. http://dx.doi.org/
10.1038/205923a0.
Coates, A., Barnett, L.K., Hoskin, C., Phillips, B.L., 2017. Living on the edge: parasite
prevalence changes dramatically across a range edge in an invasive gecko. Am.
Nat. 189, 178e183. http://dx.doi.org/10.1086/689820.
Colautti, R.I., Ricciardi, A., Grigorovich, I.A., MacIsaac, H.J., 2004. Is invasion success
explained by the enemy release hypothesis? Ecol. Lett. 7, 721e733. http://
dx.doi.org/10.1111/j.1461-0248.2004.00616.x.
Diagne, C., Ribas, A., Charbonnel, N., Dalecky, A., Tatard, C., Gauthier, P.,
Haukisalmi, V., Fossati-Gaschignard, O., Ba^, K., Kane, M., Niang, Y., Diallo, M.,
Sow, A., Piry, S., Sembene, M., Brouat, C., 2016. Parasites and invasions: changes
in gastrointestinal helminth assemblages in invasive and native rodents in
Senegal. Int. J. Parasitol. 46, 857e869. http://dx.doi.org/10.1016/
j.ijpara.2016.07.007.
Dobson, A.P., 1985. The population dynamics of competition between parasites.
Parasitology 91 (Pt 2), 317e347.
Fenton, A., Viney, M.E., Lello, J., 2010. Detecting interspeciﬁc macroparasite in-
teractions from ecological data: patterns and process: detecting interspeciﬁc
parasite interactions. Ecol. Lett. 13, 606e615. http://dx.doi.org/10.1111/j.1461-
0248.2010.01458.x.
Fenton, A., Knowles, S.C.L., Petchey, O.L., Pedersen, A.B., 2014. The reliability of
observational approaches for detecting interspeciﬁc parasite interactions:
comparison with experimental results. Int. J. Parasitol. 44, 437e445. http://
dx.doi.org/10.1016/j.ijpara.2014.03.001.
Ferrari, N., Cattadori, I.M., Rizzoli, A., Hudson, P.J., 2009. Heligmosomoides polygyrus
reduces infestation of Ixodes ricinus in free-living yellow-necked mice,
S.E. Perkins et al. / International Journal for Parasitology: Parasites and Wildlife xxx (2017) 1e8 7
Please cite this article in press as: Perkins, S.E., et al., Parasite community dynamics in an invasive vole e From focal introduction to wave front,
International Journal for Parasitology: Parasites and Wildlife (2017), http://dx.doi.org/10.1016/j.ijppaw.2017.07.005
Apodemus ﬂavicollis. Parasitology 136, 305e316. http://dx.doi.org/10.1017/
S0031182008005404.
Ferrari, N., Citterio, C.V., Lanfranchi, P., 2016. Infracommunity crowding as an in-
dividual measure of interactive-isolationist degree of parasite communities:
disclosing the effects of extrinsic and host factors. Parasit. Vectors 9. http://
dx.doi.org/10.1186/s13071-016-1371-2.
Fournier, D.A., Skaug, H.J., Ancheta, J., Ianelli, J., Magnusson, A., Maunder, M.N.,
Nielsen, A., Sibert, J., 2012. AD Model Builder: using automatic differentiation
for statistical inference of highly parameterized complex nonlinear models.
Optim. Methods Softw. 27, 233e249. http://dx.doi.org/10.1080/
10556788.2011.597854.
Graham, A.L., 2008. Ecological rules governing helminthemicroparasite coinfection.
Proc. Natl. Acad. Sci. 105, 566e570. http://dx.doi.org/10.1073/pnas.0707221105.
Holmes, J.C., 1962. Effects of concurrent infections on Hymenolepis diminuta (Ces-
toda) and Moniliformis dubius (Acanthocephala). II. Effects on growth.
J. Parasitol. 48, 87e96. http://dx.doi.org/10.2307/3275418.
Holmes, J.C., 1961. Effects of concurrent infections on Hymenolepis diminuta (Ces-
toda) and Moniliformis dubius (Acanthocephala). I. General effects and com-
parison with crowding. J. Parasitol. 47, 209e216. http://dx.doi.org/10.2307/
3275291.
Holmes, J.C., Price, P.W., 1986. Communities of parasites. In: Kikkawa, J.,
Anderson, D.J. (Eds.), Community Ecology: Pattern and Process. Blackwell Sci-
entiﬁc, Oxford, pp. 187e213.
Hudson, P.J., Dobson, A.P., Lafferty, K.D., 2006. Is a healthy ecosystem one that is rich
in parasites? Trends Ecol. Evol. 21, 381e385. http://dx.doi.org/10.1016/
j.tree.2006.04.007.
Hudson, P.J., Dobson, A.P., Newborn, D., 1998. Prevention of population cycles by
parasite removal. Science 282, 2256e2258.
Keane, R.M., Crawley, M.J., 2002. Exotic plant invasions and the enemy release
hypothesis. Trends Ecol. Evol. 17, 164e170. http://dx.doi.org/10.1016/S0169-
5347(02)02499-0.
Klimpel, S., F€orster, M., Schmahl, G., 2007. Parasite fauna of the bank vole (Cleth-
rionomys glareolus) in an urban region of Germany: reservoir host of zoonotic
metazoan parasites? Parasitol. Res. 102, 69e75. http://dx.doi.org/10.1007/
s00436-007-0725-2.
Krebs, C.J., 1999. Ecological Methodology, second ed. Addison-Wesley Educational
Publishers, Menlo Park, California.
Lass, S., Hudson, P.J., Thakar, J., Saric, J., Harvill, E., Albert, R., Perkins, S.E., 2013.
Generating super-shedders: co-infection increases bacterial load and egg pro-
duction of a gastrointestinal helminth. J. R. Soc. Interface 10, 20120588. http://
dx.doi.org/10.1098/rsif.2012.0588.
Leggett, H.C., Cornwallis, C.K., Buckling, A., West, S.A., 2017. Growth rate, trans-
mission mode and virulence in human pathogens. Philos. Trans. R. Soc. B Biol.
Sci. 372, 20160094. http://dx.doi.org/10.1098/rstb.2016.0094.
Lello, J., Boag, B., Fenton, A., Stevenson, I.R., Hudson, P.J., 2004. Competition and
mutualism among the gut helminths of a mammalian host. Nature 428,
840e844. http://dx.doi.org/10.1038/nature02490.
Lello, J., Hussell, T., 2008. Functional group/guild modelling of inter-speciﬁc path-
ogen interactions: a potential tool for predicting the consequences of co-
infection. Parasitology 135, 825e839. http://dx.doi.org/10.1017/
S0031182008000383.
Lello, J., Knopp, S., Mohammed, K.A., Khamis, I.S., Utzinger, J., Viney, M.E., 2013. The
relative contribution of co-infection to focal infection risk in children. Proc. Biol.
Sci. 280, 20122813. http://dx.doi.org/10.1098/rspb.2012.2813.
Lloyd, M., 1967. Mean crowding. J. Anim. Ecol. 36, 1e30. http://dx.doi.org/10.2307/
3012.
Loxton, K.C., Lawton, C., Stafford, P., Holland, C.V., 2016. Reduced helminth para-
sitism in the introduced bank vole (Myodes glareolus): more parasites lost than
gained. Int. J. Parasitol. Parasites Wildl. 5, 175e183. http://dx.doi.org/10.1016/
j.ijppaw.2016.05.005.
Maizels, R.M., Balic, A., Gomez-Escobar, N., Nair, M., Taylor, M.D., Allen, J.E., 2004.
Helminth parasites - masters of regulation. Immunol. Rev. 201, 89e116. http://
dx.doi.org/10.1111/j.0105-2896.2004.00191.x.
Mitchell, C.E., Power, A.G., 2003. Release of invasive plants from fungal and viral
pathogens. Nature 421, 625e627. http://dx.doi.org/10.1038/nature01317.
Montgomery, W.I., Lundy, M.G., Reid, N., 2012. “Invasional meltdown”: evidence for
unexpected consequences and cumulative impacts of multispecies invasions.
Biol. Invasions 14, 1111e1125. http://dx.doi.org/10.1007/s10530-011-0142-4.
Morand, S., Poulin, R., 1998. Density, body mass and parasite species richness of
terrestrial mammals. Evol. Ecol. 12, 717e727. http://dx.doi.org/10.1023/A:
1006537600093.
Parker, J.D., Torchin, M.E., Hufbauer, R.A., Lemoine, N.P., Alba, C., Blumenthal, D.M.,
Bossdorf, O., Byers, J.E., Dunn, A.M., Heckman, R.W., Hejda, M., Jarosík, V.,
Kanarek, A.R., Martin, L.B., Perkins, S.E., Pysek, P., Schierenbeck, K., Schl€oder, C.,
van Klinken, R., Vaughn, K.J., Williams, W., Wolfe, L.M., 2013. Do invasive species
perform better in their new ranges? Ecology 94, 985e994. http://dx.doi.org/
10.1890/12-1810.1.
Phillips, B.L., Kelehear, C., Pizzatto, L., Brown, G.P., Barton, D., Shine, R., 2010. Par-
asites and pathogens lag behind their host during periods of host range
advance. Ecology 91, 872e881.
Poulin, R., 2007. Are there general laws in parasite ecology? Parasitology 134,
763e776. http://dx.doi.org/10.1017/S0031182006002150.
Poulin, R., Luque, J.L., 2003. A general test of the interactive-isolationist continuum
in gastrointestinal parasite communities of ﬁsh. Int. J. Parasitol. 33, 1623e1630.
http://dx.doi.org/10.1016/j.ijpara.2003.09.005.
R Core Team, 2013. A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria.
Rooney, S., Hayden, T.J., 2002. Forest mammals - Management and Control.
COFORD, Dublin.
Schalk, G., Forbes, M.R., 1997. Male biases in parasitism of mammals: effects of study
type, host age, and parasite taxon. Oikos 78, 67e74. http://dx.doi.org/10.2307/
3545801.
Silvestre, A., Chartier, C., Sauve, C., Cabaret, J., 2000. Relationship between helminth
species diversity, intensity of infection and breeding management in dairy
goats. Vet. Parasitol. 94, 91e105. http://dx.doi.org/10.1016/S0304-4017(00)
00367-8.
Skaug, H.J., Fournier, D.A., Bolker, B., Magnusson, A., Nielsen, A., 2016. Generalized
Linear Mixed Models Using “AD Model Builder”.
Sousa, W.P., 1994. Patterns and processes in communities of helminth parasites.
Trends Ecol. Evol. 9, 52e57. http://dx.doi.org/10.1016/0169-5347(94)90268-2.
Strayer, D.L., Eviner, V.T., Jeschke, J.M., Pace, M.L., 2006. Understanding the long-
term effects of species invasions. Trends Ecol. Evol. 21, 645e651. http://
dx.doi.org/10.1016/j.tree.2006.07.007.
Stuart, P., Mirimin, L., Cross, T.F., Sleeman, D.P., Buckley, N.J., Telfer, S., Birtles, R.J.,
Kotlík, P., Searle, J.B., 2007. The origin of Irish bank voles Clethrionomys glareolus
assessed by mitochondrial DNA analysis. Ir. Nat. J. 28, 440e446.
Telfer, S., Bennett, M., Bown, K., Cavanagh, R., Crespin, L., Hazel, S., Jones, T.,
Begon, M., 2002. The effects of cowpox virus on survival in natural rodent
populations: increases and decreases. J. Anim. Ecol. 71, 558e568. http://
dx.doi.org/10.1046/j.1365-2656.2002.00623.x.
Telfer, S., Bown, K., 2012. The effects of invasion on parasite dynamics and com-
munities. Funct. Ecol. 26, 1288e1299. http://dx.doi.org/10.1111/j.1365-
2435.2012.02049.x.
Telfer, S., Lambin, X., Birtles, R., Beldomenico, P., Burthe, S., Paterson, S., Begon, M.,
2010. Species interactions in a parasite community drive infection risk in a
wildlife population. Science 330, 243e246. http://dx.doi.org/10.1126/
science.1190333.
Torchin, M.E., Lafferty, K.D., Dobson, A.P., McKenzie, V.J., Kuris, A.M., 2003. Intro-
duced species and their missing parasites. Nature 421, 628e630. http://
dx.doi.org/10.1038/nature01346.
White, T.A., Lundy, M.G., Montgomery, W.I., Montgomery, S., Perkins, S.E.,
Lawton, C., Meehan, J.M., Hayden, T.J., Heckel, G., Reid, N., Searle, J.B., 2012.
Range expansion in an invasive small mammal: inﬂuence of life-history and
habitat quality. Biol. Invasions 14, 2203e2215. http://dx.doi.org/10.1007/
s10530-012-0225-x.
Williamson, M.H., 1996. Biological invasions. In: Population and Community Biology
Series, ﬁrst ed. Chapman & Hall, London; New York.
Zuk, M., McKean, K.A., 1996. Sex differences in parasite infections: patterns and
processes. Int. J. Parasitol. 26, 1009e1024. http://dx.doi.org/10.1016/S0020-
7519(96)80001-4.
S.E. Perkins et al. / International Journal for Parasitology: Parasites and Wildlife xxx (2017) 1e88
Please cite this article in press as: Perkins, S.E., et al., Parasite community dynamics in an invasive vole e From focal introduction to wave front,
International Journal for Parasitology: Parasites and Wildlife (2017), http://dx.doi.org/10.1016/j.ijppaw.2017.07.005
